Ectromelia virus (ECTV) belongs to the genus *Orthopoxvirus* of the family *Poxviridae*, which also includes variola virus (VARV), vaccinia virus (VACV), cowpox virus (CPXV) and monkeypox virus (MPXV). ECTV is a natural pathogen of mice that causes mousepox, a severe disease with high mortality rates in certain strains of mice. Mousepox is considered a model for smallpox and other acute generalized viral infections, and for evaluation of anti-poxvirus drugs and vaccination efficacy \[[@CR1], [@CR2]\]. Currently, orthopoxviruses pose a threat to livestock animals and wildlife and are the source of zoonoses in humans and companion animals (VACV, CPXV and MPXV) \[[@CR3]--[@CR5]\].

Microtubules (MTs) form a dynamic network of filaments that are important in a wide range of cellular processes, including intracellular transport of organelles, mitosis, cell migration and polarization. They nucleate from the MT organizing center (MTOC), which includes centrosomes. MTs are characterized by dynamic instability, a process involving repeated phases of growth (polymerization) and shrinkage (disassembly), separated by pauses, catastrophes and rescues \[[@CR6]\]. In response to environmental signals, subsets of MTs can become stabilized and long-lived through post-translational modifications, such as detyrosination and acetylation. MT dynamics and organization can be modulated by different signaling cues, such as viruses, which exploit MT not only for intracellular trafficking and formation of replication centers but also for controlling the behavior of the infected cell for their own benefit \[[@CR7]\].

In non-immune cells, orthopoxviruses exploit both the actin and MT cytoskeleton for efficient penetration, replication, transport and release of progeny viral particles \[[@CR8]--[@CR10]\]. However, orthopoxviruses, such as VACV and CPXV, are not able to replicate productively in immune dendritic cells (DCs) \[[@CR11]--[@CR13]\], and therefore it is not known if orthopoxviruses have an influence on the cytoskeleton of DCs, which represent the most potent cells in stimulation of an antigen-specific T-cell response.

Our experiments were conducted on granulocyte-macrophage colony-stimulating factor (GM-CSF)-cultured bone marrow cells (GM-BM) composed of conventional DCs (cDCs) and macrophages. GM-BM cells were generated from bone marrow precursors obtained from femurs and tibias of BALB/c mice with ethical approval as described previously \[[@CR14], [@CR15]\]. After 8 days of culture, cDCs were enriched by magnetic-activated cell sorting (MACS) using CD11c^+^-labeled magnetic beads (Miltenyi Biotec) and the surface expression of CD11c, CD11b, MHC II and CD205 molecules was assessed by flow cytometry as reported previously \[[@CR14], [@CR15]\]. CD11c-enriched GM-BM cells were left uninfected (mock) or were infected with ECTV (ATCC VR-1374) at a multiplicity of infection (MOI) of 1 and/or were treated with 1 µg of lipopolysaccharide (LPS; *Escherichia coli* 0111:B4; Sigma-Aldrich) per ml for 24 h.

Expression of tubulin- and actin-cytoskeleton-related genes was evaluated using quantitative real-time PCR (qPCR) analysis. RNA isolation and reverse transcription (RT) were performed as described previously \[[@CR14], [@CR15]\]. Real-time PCR was performed using Real-Time Ready Custom Panel 96 pre-coated plates and LightCycler 480 Probes Master Mix (Roche Diagnostics) according to the manufacturer's instructions. Using a LightCycler 96 instrument (Roche Diagnostics), qPCR was performed as follows: a pre-incubation step at 95°C for 10 min, then 45 cycles at 95°C for 10 s, 60°C for 30 s and 72°C for 1 s, followed by a final cooling step at 40°C for 30 s. The gene expression levels were quantified by the ΔΔCt method using *Cdkn1a* as an endogenous control.

Immunofluorescence staining was performed in GM-BM cells as described previously \[[@CR9]\]. Statistical analysis was performed using Statistica 6.0 software (Statsoft) using the Mann--Whitney U-test or Student's *t*-test (\*, *p* \< 0.05; \*\*, *p* \< 0.01, and \*\*\*, *p* \< 0.001).

After MACS separation, GM-BM cells were enriched for cells expressing high levels of CD11c (Fig. [1](#Fig1){ref-type="fig"}A) and MHC II (Fig. [1](#Fig1){ref-type="fig"}B) molecules, and thereby resembling a cDC phenotype. Within the cytoplasm of MHC II^high^ GM-BM cells, replication centers called "viral factories" were formed upon ECTV infection (Fig. [1](#Fig1){ref-type="fig"}B). These highly organized compartments were simultaneously stained with Hoechst 33342 for detection of viral DNA and anti-ECTV pAbs for detection of viral antigens (Fig. [1](#Fig1){ref-type="fig"}C). Our previous studies have shown that ECTV is able to replicate productively in GM-BM cells, including cDCs derived from BALB/c or C57BL/6 mice \[[@CR14], [@CR15]\]. At 4 hpi, the cells developed several "viral factories", which increased in size during later stages of infection (24 hpi). Moreover, at 24 hpi, the cytoplasm of GM-BM cells was filled with numerous progeny virions (Fig. [1](#Fig1){ref-type="fig"}C), which were ultimately released from the infected cells \[[@CR14]\]. The productive replication cycle of ECTV in GM-BM cells was further confirmed using a plaque assay, which detected an approximately 500-fold increase in the number of infectious viral particles between 4 and 24 hpi \[[@CR15]\].Fig. 1ECTV infection downregulates tubulin-related genes and remodels the microtubule cytoskeleton in GM-BM cells. (A) Enrichment of CD11c^high^ cells after MACS separation. The cells were stained for CD11c (red fluorescence) and nuclear DNA (blue fluorescence). Scale bar = 10 µm. (B) The expression of MHC II molecules on enriched mock- and ECTV-infected CD11c^high^ GM-BM cells. MHC II molecules (red fluorescence), nuclear DNA (blue fluorescence). Scale bars = 10 µm. White arrows indicate viral factories. (C) Representative images of ECTV-infected GM-BM cells stained with Hoechst 33342 (blue fluorescence) and pAbs anti-ECTV (green fluorescence). The magnified images are of the boxed regions. Arrows indicate viral factories (white) and viral particles (yellow). Overexp. DNA, overexposed DNA. Scale bar = 10 μm. (D) Log2 fold change of mRNA expression for tubulin- and actin-related genes in GM-BM cells following infection with ECTV at 24 hpi from three independent experiments (Student's *t*-test; \*\*\*, *p *≤ 0.001). (E) Morphology of microtubule cytoskeleton in mock- and ECTV-infected GM-BM cells at 24 hpi. The cells were stained for α-tubulin (red fluorescence), viral antigen (green fluorescence), and nuclear and viral DNA (blue fluorescence). Arrows indicate MTOC (purple), viral factories (white) and viral particles (yellow). The magnified images are of the boxed regions. Scale bars = 10 µm

Real-time PCR analysis of tubulin- and actin-cytoskeleton-related gene expression revealed that GM-BM cells infected with ECTV at 24 hpi had a profound downregulation of several genes encoding proteins involved in cytoskeleton organization and dynamics (Fig. [1](#Fig1){ref-type="fig"}D). Among the tubulin-cytoskeleton-related genes, ECTV significantly (*p* \< 0.001) decreased the expression of *Clasp2* (CLIP-associated protein 2), *Clip1* (CAP-GLY domain-containing linker protein 1), *Mapre1* (MT-associated protein, RP/EB family, member 1), *Racgap1* (Rac GTPase-activating protein 1) and *Stmn1* (stathmin 1). CLASP2 is a MT plus-end tracking protein (+TIP) that promotes directionally persistent migration and stabilizes MTs, specifically at the leading edge of migrating cells \[[@CR16]\]. CLIP1 is another +TIP protein that promotes MT growth and bundling and plays an important role in intracellular vesicle transport through linking of cytoplasmic vesicles to MTs \[[@CR17]\]. MAPRE1, also known as end-binding protein 1 (EB1), associates with the plus-ends of growing MTs and acts as an adaptor to recruit and bind other +TIP proteins \[[@CR18]\]. Meanwhile, RacGAP1 (also known as MgcRacGAP or hCYK-4) is a component of the central spindle and midbody, and plays a key role in controlling cytokinesis. Additionally, RacGAP1 can inactivate Rho proteins, such as Rac and Cdc42, and it therefore modulates cell morphology, motility and polarization \[[@CR19]\]. Stathmin plays a critical role in regulation of MT dynamics during cell-cycle progression by promoting MT depolymerization and/or preventing polymerization of tubulin heterodimers \[[@CR20]\]. Inhibition of stathmin expression causes an increase in the content of polymerized MTs, interferes with mitotic progression, and contributes to severe mitotic spindle abnormalities \[[@CR21]\]. Taken together, our data suggest that ECTV infection of GM-BM cells might lead to modulation of MT dynamics and therefore might alter MT-dependent processes such as cell division, organelle transport, cell polarity, and cytoskeletal remodeling for cell migration.

Additionally, among the actin-cytoskeleton-related genes ECTV significantly (*p* \< 0.001) reduced the expression of *Actr2* (ARP2 actin-related protein 2), *Arpc3* (actin-related protein 2/3 complex, subunit 3), *Cfl1* (cofilin 1, non-muscle), *Ezr* (ezrin) and *Vasp* (vasodilator-stimulated phosphoprotein) in GM-BM cells at 24 hpi (Fig. [1](#Fig1){ref-type="fig"}D). ACTR2 and ARPC3 are two proteins of the seven-subunit protein complex ARP2/3, which is involved in regulation of actin filament nucleation and polymerization during important cellular processes, such as lamellipodia extension formation, vesicular trafficking, and phagocytosis \[[@CR22]\]. It has been shown that depletion of the ARP2/3 complex in mouse embryonic fibroblasts inhibits lamellipodia formation and influences the directionality of cell movement. In the absence of the ARP2/3 complex, however, cells are able to form excessive filopodial protrusions that are responsible for defective random cell motility \[[@CR23]\]. Because *Cfl1*, *Ezr* and *Vasp* also regulate actin assembly/disassembly and/or cell motility \[[@CR24]--[@CR26]\], we suggest that actin cytoskeletal dynamics might also be dramatically altered during ECTV infection in GM-BM cells. Despite downregulation of critical genes regulating actin cytoskeleton organization and dynamics, ECTV-infected GM-BM cells are able to form long actin-based cellular extensions \[[@CR27]\]. Long actin-based filopodial extensions are also observed in ECTV-infected L929 fibroblasts, which exhibit impaired cell migration \[[@CR9]\].

Next, we performed morphological studies to examine the architecture of the MT cytoskeleton in infected GM-BM cells using immunofluorescence staining and microscopy analysis. GM-BM cells, either untreated (immature) or treated with LPS (mature), showed the presence of intertwined MT filaments, which radiated from the MTOC located at the perinuclear region (Fig. [1](#Fig1){ref-type="fig"}E). After LPS challenge, however, the MT network was more "relaxed" compared to LPS-untreated GM-BM cells. The relaxation of MT filaments was intensified in both ECTV-infected LPS-treated and untreated cells (Fig. [1](#Fig1){ref-type="fig"}E). In these cells, MTs were loosely arranged and were less intertwined and straighter, especially within long cellular extensions. The changes in the MT cytoskeleton organization were accompanied by colocalization of progeny viral particles with MT filaments, especially at the cell periphery. This suggests that newly synthesized ECTV particles utilize MTs for their intracellular transport to the plasma membrane, similar to VACV in rabbit kidney RK~13~ cells \[[@CR28]\]. VACV encodes MT-associated proteins (MAPs) such as A10 and L4 that are responsible for direct binding of viral cores to MTs *in vitro* \[[@CR29]\]. Moreover, A36 protein, which is found in the membrane of intracellular enveloped virus (IEV) of VACV and ECTV, mediates MT-dependent intracellular movement of IEV and actin tail formation \[[@CR30]\]. It has been reported that ECTV devoid of A36 exhibits reduced MT-mediated transport \[[@CR31]\].

The rearrangement of the MT cytoskeleton architecture in ECTV-infected GM-BM cells was also manifested by disruption of the MTOC. In infected cells, MT filaments lost centrosomal focus at the perinuclear region, suggesting MTOC disorganization (Fig. [1](#Fig1){ref-type="fig"}E). The loss of MTOC structure was further confirmed by immunofluorescence staining of centrosomes with anti-γ-tubulin antibodies (Fig. [2](#Fig2){ref-type="fig"}A). In uninfected immature and mature GM-BM cells, the centrosome was clearly visible in the perinuclear region. At the same time, ECTV infection resulted in a dramatic reduction of γ-tubulin labeling, and only 36% and 34% of all infected untreated and LPS-treated GM-BM cells, respectively, showed the presence of γ-tubulin in centrosomes (Fig. [2](#Fig2){ref-type="fig"}B). Altered centrosome organization was also observed in L929 fibroblasts \[[@CR9]\] and RAW 264.7 macrophages \[[@CR32]\] during the later stages of ECTV infection, suggesting that it can be a generalized cell-independent phenomenon occurring during productive viral replication. In addition, VACV infection of HeLa cells resulted in severe reduction of γ-tubulin, as well as other centrosome/centriole components, such as pericentrin, C-Nap 1, Nek 2, and centrin, leading to the loss of centrosomal microtubule nucleation efficiency. It is assumed that the loss of centrosome function enhances disruption of the MT cytoskeleton during infection \[[@CR29]\].Fig. 2ECTV alters the MTOC organization in infected GM-BM cells at 24 hpi. (A) Representative images of mock- and ECTV-infected GM-BM cells that were left untreated or treated with LPS for 24 h. γ-tubulin, red; viral antigen, green; nuclear and viral DNA, blue. White arrows indicate MTOC. Scale bars = 10 μm. (B) The mean percentage of cells (± SD) with MTOC analyzed in 100 cells per experimental condition from three independent experiments (Mann*--*Whitney U test; \*, *p *≤ 0.05)

Deregulation of centrosome function may serve multiple roles important for virus morphogenesis, spread and survival \[[@CR7]\]. It has been shown that herpes simplex virus type 1 (HSV-1) disrupts the centrosome, and thus switches MT nucleation to the trans-Golgi network (TGN) for efficient assembly and subsequent egress of progeny virions. Moreover, targeting the centrosome function may inhibit the innate antiviral response, because viral components may be recognized by the cell as foreign or misfolded proteins and then are transported along MTs to the aggresomes/proteolytic centers (located at the centrosome) for degradation by proteasomes and/or autophagy. Because the MTOC serves as a source of substrates for proteasomes and participates in antigen processing, viruses may disrupt centrosome function to modulate the adaptive antiviral response \[[@CR33]\].

Lastly, we addressed the impact of ECTV infection on acetylation of α-tubulin in GM-BM cells. In uninfected cells, acetylated α-tubulin was observed almost exclusively in centrioles, whereas LPS treatment increased acetylation of MTs (Fig. [3](#Fig3){ref-type="fig"}A). This observation is in line with a previous study showing extensive acetylation and increased stabilization of MTs in macrophages treated with LPS. Such acetylation positively amplified p38 MAP kinase signaling and stimulated production of IL-10 \[[@CR34]\]. Meanwhile, ECTV-infected cells that were treated with LPS or left untreated showed extensive acetylation of MTs (Fig. [3](#Fig3){ref-type="fig"}A). To investigate whether increased acetylation correlates with increased MT stability, we examined the effect of nocodazole, a synthetic MT depolymerizing agent, on MT stability. After treatment with nocodazole for 5 or 30 min, uninfected immature and mature GM-BM cells exhibited the complete disorganization of MT network (Fig. [3](#Fig3){ref-type="fig"}B). Meanwhile, ECTV-infected LPS-treated and untreated cells were more resistant to depolymerization by nocodazole and still showed the presence of MTs, especially within cellular extensions (Fig. [3](#Fig3){ref-type="fig"}B). Taken together, our data indicate that ECTV is able to stabilize MTs within immune cells, probably to facilitate the spread of the virus. Interestingly, our previous study showed that LPS treatment of ECTV-infected GM-BM cells derived from BALB/c and C57BL/6 mice increased both the percentage of ECTV^+^ cells and the number of infectious virus particles at 24 hpi when compared to LPS-untreated ECTV-infected cells \[[@CR15]\]. Therefore, it is highly likely that LPS-induced extensive acetylation of MTs in ECTV-infected cells may additionally increase the dissemination of the virus. VACV also stabilizes MTs during later stages of infection in HeLa cells. It encodes two proteins with MAP-like activities, i.e., A10 and L4, which are engaged in generation of stable MTs \[[@CR29]\]. Moreover, the F11 protein of VACV has been reported to stimulate MT growth by inhibition of RhoA signaling *via* the GTPase RhoA and its effector, mDi, thus enhancing stabilization of MTs at the cell periphery. Therefore, it is suggested that changes in MT dynamics may enhance the spread of VACV by facilitating transport of viral particles to the plasma membrane for subsequent fusion and release \[[@CR35]\].Fig. 3GM-BM cells infected with ECTV display increased acetylation of α-tubulin and higher resistance to nocodazole treatment. (A) Representative images showing acetylated α-tubulin in mock- and ECTV-infected GM-BM cells that were left untreated or treated with LPS at 24 hpi. Acetylated α-tubulin, red; viral antigen, green; nuclear and viral DNA, blue. White arrows indicate MTOC; Scale bars = 10 μm. (B) GM-BM cells, incubated in the presence of nocodazole for 5 and 30 min, were stained for α-tubulin (red), and nuclear and viral DNA (blue). White arrows indicate microtubules. DMSO, dimethyl sulfoxide. Scale bars = 10 μm

In summary, ECTV is able to induce changes in the spatial organization and dynamics of MTs during its replication in immune cells, such as cDCs and macrophages. ECTV probably encodes proteins that function to generate stable MTs that serve different purposes during viral replication. This indicates adaptation of ECTV to its natural host immune cells and evolution of unique strategies by the virus to replicate and spread effectively even in highly specialized immune cells. Because MTs play a central role during viral replication and intracellular transport and regulate important processes critical to the outcome of infection, it is important to extend our knowledge of MT-virus interactions to exploit these elements as potential targets of antiviral therapy.
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